A method is presented for improving the numerical prediction of bypass transition heat transfer on a flat plate in a high-disturbance environment with zero or favorable pressure gradient. The method utilizes low Reynolds number k-e turbulence models in combination with the characteristic parameters of the transition region. The parameters representing the characteristics of the transition region used are the intermittency, transition length and turbulent spot properties. An analysis is made of the transition length in terms of turbulent spot variables. The nondimensional spot formation rate, required for the prediction of the transition length, is shown by the analysis to be a function of the spot spreading angle, the dimensionless spot velocity ratio and the dimensionless spot area ratio. The intermittency form of the k-e equations was derived from conditionally averaged equations which have been shown to be an improvement over global-time-averaged equations for the numerical calculation of the transition region. The numerical predictions are in general good agreement with the experimental data and indicate the potential use of the method in accelerating flows. Turbulence models of the k-e type are known to underpredict the transition length. The present work demonstrates how incorporating transition region characteristics improves the ability of two-equation turbulence models to simulate bypass transition for flat plates with potential application to turbine vanes and blades.
INTRODUCTION
he present effort is part of a program by the National Aeronautics and Space Administration (NASA) for the investigation of the heat transfer in the transition region of turbine vanes and blades.
The transition from laminar to turbulent boundary layer flow affects great increases in the local wall shear stress and heat transfer. This effect of transition is especially critical for airfoil surfaces such as turbine blades/vanes where 50 percent or more of the surface can be in transition. The ability to predict the onset and extent of transition is important to the determination of turbine blade heat transfer that critically affects durability and engine thermal performance. The accurate prediction of gas side shear stress and heat transfer on turbine blades will become more critical as the desired operating temperatures of advanced turbine engines increase. The present methods for predicting transition shear stress and heat transfer on turbine blades are based on incomplete knowledge. There is incomplete knowledge about the transition process in an engine environment where disturbance levels are initially large, although recent surveys (Mayle, 1991; and Volino and Simon, 1991) indicate much progress in this area. In these large disturbance environments traditional linear mechanisms are bypassed and finite nonlinear effects must be considered.
Full modeling of this transition phenomena for the purpose of predicting wall shear stress and heat transfer on turbine blades must consider the effects of free-stream turbulence, pressure gradient, streamwise curvature, surface roughness, wall/free-stream temperature ratio and flow disturbances (e.g., turbine blade wakes). The present work, a first step, concentrates on the effects of free-stream turbulence and pressure gradient on a flat plate. The objective is to demonstrate a modeling approach to the transition region that will improve the numerical prediction of that region.
Properly used, Low Reynolds Number k-e turbulence models for calculating the transition heat transfer in environments of high disturbance appear to simulate the onset of transition governed by the transport of turbulence energy from the free stream into the boundary layer. However, while two-equation turbulence models predict an acceptable value for transition onset, the resulting process is generally too abrupt, resulting in an underprediction of the transition length (e.g., Rodi and Scheuerer, 1985; . The experimental evidence (Volino and Simon, 1993) suggests that the physics of the transition region is characterized by an incomplete development of the cascade of energy from large to small scale turbulence and the k-e model does not completely aCcount for this. Three modifications of the k-e model, as a potential means of improving the simulation of transition physics, are reviewed by Simon (1993) . The three methods are (1) the use of a multitime-scale k-e model (Crawford, 1992) , (2) modification of the turbulent production term in the differential equation for the turbulent kinetic energy (Schmidt and Patankar, 1988) , and (3) the use of intermittency in the k-e equations (Simon and Stephens, 1991) . Simon and Stephens combined the conditionally averaged momentum, energy, and turbulence equations for the turbulent spot and nonturbulent portion of the intermittent flow of the transition region to obtain global values of velocity and temperature. The resulting equations contain the additional variable of intermittency which requires knowledge of the transition length. A transition length estimate was made by Simon and Stephens (1991) using the method of Narasimha (1985) . It expresses the transition length in terms of a nondimensional spot formation rate (N) which is assumed to be constant for free-stream turbulence levels greater than about percent. Simon and Stephens followed the approach of Narasimha and determined the value of N based on experimental data. This permitted a calculation of transition length in terms of the momentum Reynolds number for transition onset. The transition length may also be determined using an empirical approach (e.g., Dhawan and Narasimha, 1958; and Narasimha, 1978) or by the use of turbulent spot analyses (Walker and Gostelow, 1990; Walker, 1989; McCormick, 1968 ).
The present work follows the line of reasoning given in the latter analytical works to develop a model for the nondimensional spot formation rate (N) for a prediction of transition length and intermittencies required for the equations of Simon and Stephens. The equation developed for predicting of the transition length is expressed in terms of turbulent spot characteristics of spreading angle, velocity, and physical dimensions. A check of the analytical formulation is made using the recent turbulent spot data of Clark, LaGraff, Magari, and Jones (1992) .
Having a method to predict transition length and intermittency permits the prediction of transition heat transfer. In this work numerical predictions are made for transition heat transfer, using the modified Jones-Launder turbulence model of Simon and Stephens (1991) with the TEXSTAN boundary layer computer code (Crawford, 1985) . The numerical predictions are compared with the flat plate, zero, and favorable pressure gradient data of Werle (1980, 1981) .
Transition Region Equations
The beginning of the transition region is defined by the first appearance of turbulence spots. The transition region is characterized by the intermittent appearance of these turbulent spots, which grow as they move downstream until they finally merge to form the turbulent boundary layer. The transition region, therefore, may be described as having turbulent spots with laminar-like fluid surrounding the spots. Vancoille and Dick (1988) state that conventional turbulence models based on global time averages cannot give a good description of such intermittent flow, resulting in poor agreements for the turbulence intensity profiles for the boundary layer. They reported that using conditional averaging techniques for the turbulent spots and the laminar like fluid surrounding the spots resulted in a good prediction of the experimental values of the velocity profiles and the turbulence intensity profiles in the transition region. The work of Simon and Stephens (1991) extended the work of Vancoille and Dick (1988) to predicting heat transfer in the transition region. The conditioned momentum, energy and turbulence equations for the turbulent spots and nonturbulent portion ("laminar") of the intermittent flow in the transition region are combined and simplified to obtain global values of velocity and temperature. The present work refines the previous work of Simon and Stephens (1991) by removing the need to use an empirical nondimensional spot formation rate (N) for prediction of transition length and by extending the prediction of N to include pressure gradient. A brief review of the key equations follow.
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The modified Jones-Launder (1973) turbulence model of Simon and Stephens (1991) is as follows:
Equations (1) to (6) are the simplified equations for the transition region derived by Simon and Stephens (1991) . Constants for the turbulence model are given in Table I .
These equations require the specification of intermittency. Equation (1) shows the Reynolds stresses multiplied by the intermittency factor. This is the form utilized by McDonald and Fish (1973) and others.
Intermittency
Specification of intermittency requires knowledge of the transition path in terms of transition start and of the transition length. Narasimha (1957) , utilizing a concentrated breakdown hypothesis, derived the following transition path equation from the turbulent spot theory of Emmons (1951) Ltr (7) Equation (7) has been compared to experimental data and has been found to be valid. Figure 1 , from Volino and Simon (1991) , compares the experimental data from Kim (1991), Kuan and Wang (1990) , , and Blair and Anderson (1987) with Eq. (7). Figure is an example of the good agreement that has been found with experimental data and Eq. (7).
Using the approach of Narasimha (1985) (x-xtr)/Ltr FIGURE Intermittency (Volino and Simon, 1991 (1985) . Narasimha (1985) found that for freestream turbulence levels greater than 0.1 percent, at zero pressure gradient, the value of N has the approximate constant value of 0.7 10 -3. However, using an 11 spot spreading angle as determined by Schubauer and Klebanoff (1955) , a value of A 2 as estimated by Emmons (1951) Fig. 3 . In Fig. 3 , the values of N determined from the experiments are compared to the above calculated values of N using Eqs. (19) and (21). As shown in Fig. 3 (1994) Flow cond Sohn, et. al (1991) , Suder, et. al (1988) , Blair & Wede (1980) , Kim (1991) , Abu-Ghannarn and Shaw (1980) (23)
Equations (22) and (23) may be graphically represented in the manner suggested by Dhawan and Narashima (1958) . This is done in Fig. 5 for a number of experimental data sets given in a survey report by Volino and Simon (1991) . Figure 5 , for the cases of flow acceleration, uses the average velocity between transition onset and end for calculating the Reynolds number for the transition length (ordinate of Fig. 5 ). In general, there is 
Heat Transfer Calculations
A calculation of the transition region was made utilizing Eqs. (1) to (7) and Eqs. (22) and (23) for estimating the transition length. These equations were numerically solved by using the TEXSTAN boundary layer computer code (Crawford, 1985) . TEXSTAN is based on the STAN5 boundary layer program developed by Crawford and Kays (1976) . The finite difference scheme of TEXSTAN is based on the numerical algorithm by Patankar and Spalding (1970) . TEXSTAN solves the steady two-dimensional parabolic differential equations that govern boundary layer flow. This program sequentially solves the momentum equation and any number of transport equations such as stagnation enthalpy, turbulent kinetic energy (TKE), turbulent dissipation rate (TDR), and mass concentration governing The following initial and boundary conditions were used in the numerical calculations.
Initial and Boundary Conditions
Wall boundary condition. Along the wall the no-slip boundary condition was applied. The turbulence kinetic energy and dissipation rate are set to zero at the wall. y=0"k= =0
The zero boundary condition for the dissipation was made possible by Jones and Launder (1973) Blair and Werle (1980, 1981 
